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Abstract
Understanding the performance of the Heating, Ventilation, and Air Conditioning (HVAC) system in large buildings
is a prerequisite for optimizing their energy eﬃciency. Fine grain performance analysis has not, to our knowledge,
received adequate attention thus far. To address this issue we evaluate the thermal comfort and the energy eﬃciency of
a relatively modern HVAC system in a large building based on building-wide high-ﬁdelity environmental data collected
via a wireless sensor network over 12 months. Access to ﬁne grain information reveals temporal and spatial dynamics
that help quantify the level of (non-)compliance with the system’s control objective and the building’s thermal comfort
standards. The paper moreover describes ThermoNet, our hybrid wireless sensor network for monitoring a legacy
building, which uses duty cycling and adaptive power control to achieve high data yield with low power consumption.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
Given that approximately 35% of the energy in the United States is used for heating, ventilation, and
air-conditioning systems [1], a number of eﬀorts have been made over the past decade to improve HVAC
performance by instrumenting Wireless Sensor Networks (WSNs) in residences, campus oﬃces, and pro-
duction data centers [1, 2, 3, 4]. A major theme of this research has been the leveraging of occupancy
information to optimize HVAC schedules or adapt setbacks. Typically, a per-room controller is assumed or
else the performance of a building-wide HVAC system is simulated in tools such as eQuest [5] and Ener-
gyPlus [6]. However, in modern buildings accommodating hundreds if not thousands of rooms, simulations
tend to be insuﬃcient for HVAC performance evaluation given the complexity of thermal and air dynam-
ics in large spaces. Several factors underlie this complexity, including interdependencies in the design of
air distribution/diﬀusion, customization of air handling to the respective functions of diverse rooms, and
selection of HVAC control policies. We are therefore motivated to consider ﬁne grain instrumentation and
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evaluation of an existing HVAC system, to provide not only realtime feedback but also long-term data of the
environment that can be used for optimizing building control schedules.
Speciﬁcally, our study analyzes HVAC performance in terms of thermal comfort versus energy con-
sumption based on dense, long-lived environmental monitoring of a relatively large building, the 9-ﬂoor
new Dreese Laboratory1 at the Ohio State University, which was added to an existing structure in 1994. Our
conclusions are based on year-long data from a 100+ node sensor network, which reports temperature and
light data from almost all rooms in the building once every 15 minutes. The building, pictured in Figure 1(a),
houses the Computer Science & Engineering Department in more than 100 rooms, which serve as oﬃces,
labs, conference rooms, classrooms, and a compute center.
(a) (b)
Fig. 1. (a) Dreese Laboratory at OSU. (b) ThermoNet architecture illustrated for the 2nd ﬂoor of Dreese Laboratory.
We begin with a description of the control objective and the architecture of the HVAC system in ques-
tion. The current target is to maintain the whole building all through the year at 72◦F with ±2 degree error
during the daytime, and between 60◦F and 80◦F at night. The architecture includes two standard Variable
Air Volume (VAV) Air Handler Units (AHUs), which respectively reset their discharge air set points be-
tween 55◦F and 65◦F, by periodically comparing a reference set point with the highest of the temperatures
sampled on-line from three pre-selected rooms. The two AHUs are shut down between 11:30pm at night
and 5:30am/7:00am respectively in the morning. A second tier of independent (pneumatic) control exists
in approximately half of the rooms, whereby the room can control its discharge set point with a change in
air velocity and a reheat coil. However, the local controller is covered by a metal lid in the room so that it
is accessible only to building maintainers instead of room occupants. Occupants in Dreese rooms are not
allowed to open or adjust the controller; thus, they have little control over room temperature set points.
It is known that thermal comfort is a complex measurement that depends on many aspects. The most
common comfort measurement is Fanger’s Predicted Mean Vote (PMV), which as standardized in ISO
7730 [7], depends upon air temperature, radiant temperature, humidity, air velocity, occupants clothing and
activity. Measuring PMV is rather involved, i.e., radiant temperature and air velocity sensors tend to be
expensive and complex, as a result, large scale installations would be expensive. Given this impediment, our
work focuses on evaluating temperature with respect to the HVAC control objective rather than attempting
to measure PMV. Broadly speaking, as detailed in the following sections, our contributions and ﬁndings
regarding the building’s HVAC operation are as follows.
• We design and implement a low-cost, large-scale WSN that enables ﬁne grain evaluation of HVAC
1In the rest of the paper, new Dreese Laboratory is abbreviated as Dreese.
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performance in legacy buildings while meeting a multi year-long lifetime requirement via duty cycling
and adaptive power control.
• With respect to the control objective of HVAC system, although the building-wide average tempera-
ture is typically within the targeted limits, the comfortable area averages at only 47% of the building.
There are not only a signiﬁcant number of persistently ill-conditioned rooms but also a signiﬁcant
number of intermittently ill-conditioned rooms that warrant maintenance for thermal comfort.
• A substantial opportunity for energy savings exists based on dynamics at diﬀerent time scales: (i)
Many rooms are overcooled (overheated, respectively) in summer (in winter, respectively). (ii) Dur-
ing season changes, switches in the cooling and heating modes can yield overcooling and overheating
respectively. (iii) Daily patterns of building temperature and (illumination-based) occupancy also
show that the AHUs can be shut for several more hours at night while still meeting the control objec-
tive.
2. Related Work
Research has shown that lack of visibility into building operating conditions is a root cause for low
energy eﬃciency. Over the last decade there has been a growing consensus that low cost WSNs yield ap-
propriate solutions for collecting high ﬁdelity data about the environment. RACNet [3] was developed with
this motivation and is perhaps the work most related to ours. Towards understanding the thermal conditions
in a production data center, it developed an acquisition protocol to monitor temperature and humidity from
52 homemade sensor nodes. The diﬀerent environments monitored by RACNet and ThermoNet lead to
discrepancies in WSN topology, data acquisition protocol design, and data analysis.
In terms of thermal instrumentation, traditional temperature sensors require wiring for the purpose of
energy supply as well as information retrieval. One recent commercial alternative, THUM [8], provides a
USB temperature/humidity sensor ($160) which connects to a PC through an available USB port (which
adds to the cost). A representative wireless thermostat systems, by Venstar [9], costs $290 which replaces
the existing room thermostat and has to be wired akin to a standard 24VAC thermostat. Systems like the
Venstar suit home environments but not the large-scale Dreese like HVAC systems. In contrast, ThermoNet
is developed for large building environments, oﬀering non-intrusive low-cost thermal instrumentation for
the HVAC system.
In terms of improving HVAC eﬃciency, leveraging occupancy information to optimize HVAC schedules
or adapt setbacks has received a lot of attention in recent research. Authors from UC Merced [1] showed
using EnergyPlus simulations that it was possible to achieve 42% annual energy savings while still main-
taining ASHRAE comfort standards by applying their occupancy-based ventilation control. These eﬀorts
considered a per-zone HVAC system in simulation tools, whereas, the main focus of our work is to evaluate
the overall performance of a building wide HVAC system. In [2], Agarwal et al used occupancy information
from a presence sensor platform to implement an occupancy-aware HVAC control scheme that obtained
approximately 8% to 15% savings in energy use while controlling a ﬂoor of their four ﬂoor building. Their
target building is six years old as of this writing and is controlled through a BACnet network that provided
thermal measurements to researchers as well as access to each thermal zone. By comparison, Dreese Labo-
ratory is a relatively old building constructed in 1994 when BACnet was not the ASHRAE/ANSI standard
yet. Nevertheless, Dreese represents the situation of a majority of buildings in our campus; hence, studying
the eﬀectiveness and eﬃciency of its HVAC system is materially useful.
3. Sensor Network System Design
Our design of ThermoNet is based on several key objectives. First, the system should be incrementally
deployable without requiring costly modiﬁcations to the building. Second, the system should be able to
communicate reliably to every corner of the building for a period that lasts over years. In this section, we
introduce the system architecture and the dynamic power adaptation component which extends the system
lifetime to more than 2 years.
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3.1. System Architecture
ThermoNet is a three-tier sensor network, consisting of a server and a backbone of devices that each
supports tens of wireless sensor nodes. As shown in Figure 1(b), Tier 1 consists of a server which stores
sensor measurements and supports visualization of temperature and light statistics at diﬀerent time scales.
Tier 2 consists of gateway nodes which are located one each in a control room on each ﬂoor, and 4-5 helper
motes per gateway node. These gateway nodes are Stargate 7.2 devices; and the helper motes are low-power
TelosB motes [10]. The Stargates are wire-connected to their helper motes through USB adapters; the wires
are strung through the false ceiling of a ﬂoor, which are hidden from building occupants, with helper mote
locations being chosen carefully to ensure full coverage of the ﬂoor. This backbone enables messages from
sensor nodes to be forwarded to the server, and vice versa. Tier 3 consists of TelosB temperature and light
sensor nodes, deployed in almost every room of the building. Powered by a pair of AA batteries, these nodes
report measurements made in each room once every 15 minutes. We typically placed the packaged sensor
mote abutting (and lightly glued) to a room control unit; to the top of a white board or a bookshelf when the
room control unit does not exist. The accuracy of the temperature sensor is within ±2◦F over the 32−122◦F
temperature range. In terms of cost, the amortized per-room cost of ThermoNet in Dreese amounts to $107,
where the costs of deploying sensor infrastructure is amortized to approximately $37 per room. Note that
the TelosB platform ($70 each in 2005) was designed for general WSN experiments; if a customized sensor
mote were used, the per room cost would be reduced signiﬁcantly. More details about the architecture of
ThermoNet can be found in a technical report [11].
(a) (b)
Fig. 2. (a) Average supply voltage with std at Tier 3 nodes between June 2010 and May 2011. (b) Probability Mass Function of
transmission power levels used by Tier 3 nodes to achieve 98% PRR over the year.
3.2. Dynamic Power Adaptation
Except for the backbone TelosB nodes which are powered through USB adapters, about 100 Tier 3
TelosB motes rely on AA batteries for energy supply. Their two-year lifetime is achieved by duty cycling
as well as dynamic power adaptation.
First, a Tier 3 node is duty cycled at approximately 0.003%, i.e., every 15 minutes the node turns on its
radio to report data, waits for an acknowledgement from the backbone node for 20 milliseconds, and then
switches oﬀ its radio. The base station keeps track of the node health information as well as instruments,
containing voltage, transmission power level, and other network relevant information. Since backbone
nodes are always on, packets sent from Tier 3 will be relayed to the server with trivial delay. Figure 2(a)
displays the data traces of average voltage change with standard deviation on Tier 3 nodes over 12 months.
The TelosB datasheet [10] suggests that the minimal supply voltage for mote operations is 2.1V , thus, the
expected lifetime of a typical Tier 3 node is more than two years.
Second, the power adaptation component minimizes a node’s transmit power level subject to the con-
straint of achieving reliable communication. Since it is known that RF channels in buildings vary over time
and space, in part due to the existence of a number of WiFi access points, it is thus infeasible for a node
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to maximize both reliability and eﬃciency by choosing a constant power level. Our solution for selecting
power levels is the power adaptation component which initially starts with the highest transmission power
level (31). The power adaptation component periodically reduces the current power of a node by four lev-
els until the measured Packet Reception Ratio (PRR) drops below the threshold of 98%. Then, it increases
power gradually to the lowest level that meets the PRR requirement. In addition to conserving energy usage,
another advantage of this scheme is that Tier 3 nodes can lock to the backbone node(s) with best link quality
in terms of communication cost and eliminate less reliable links. Data traces from ThermoNet reveal that
a wide range of power levels have been adopted by Tier 3 in communication. We plot the probability mass
function for transmission power levels used by Tier 3 nodes over a year in Figure 2(b), where the power
range of 3 to 31 is divided into eight operating levels. It is shown that the dominant transmission power
level has been reduced to the second lowest level (7) across the network.
4. Thermal Comfort Assessment
This section quantiﬁes the level of (non-)compliance with the current thermal comfort objective, which
lets us identify opportunities for improving the HVAC system as well as classify anomalies over various time
durations. Speciﬁcally, analysis of season long indoor temperatures reveal seasonal mode change anomalies
in the HVAC system; and based on the cumulative data, we identify ill-conditioned rooms whose proper
conditioning require global/local controller adjustment or manual maintenance.
Building Comfort Level. We begin by characterizing daily ratios of comfortable rooms to the total number
of rooms monitored over a year. Given the control objective of [70◦F, 74◦F], Figure 3(a) discriminates
ratios of three types of rooms in terms of their daily average temperatures: hot (> 74◦F), comfortable
([70◦F, 74◦F]), and cold (< 70◦F) rooms. Note that the discontinuities of data points in the ﬁgure are due
to occasional network maintenance performed on the Stargate devices. We observe that the ratio of the
comfortable area to the whole area is on average 47% of the building: that is, more than half of the space is
not well conditioned. These measures provide strong evidence for reﬁning the global control policy of the
building; approximately 40% and 30% of the building are over-conditioned respectively in the cooling and
heating periods over the last 12 months. We will discuss reduction of over-conditioning in Section 5.
(a) (b)
Fig. 3. (a) Daily ratios of hot, comfortable, and cold rooms in Dreese. (b) Long-term indoor and outdoor weather comparison.
Seasonal Mode Change Anomaly. Next, we characterize indoor daily temperature with respect to outdoor
ambient conditions, such as air temperature and wind speed. Based on the year-long sensing data from
ThermoNet and external weather conditions measured by an on-campus weather station, we compare the
average indoor temperature, average outdoor air temperature, and maximum wind speed in Figure 3(b). The
indoor temperature is deﬁned as the mean of room daily temperatures, the value of which varies in the range
of [69◦F, 76◦F].
We ﬁnd that the correlation coeﬃcients between indoor and outdoor temperatures (indoor temperature
and wind speed, respectively) over the year are within ±0.3, implying that ambient conditions have little
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inﬂuence on the building. More importantly, as indicated by the ovals in Figure 3(b), we discover that
indoor temperatures tend to deviate from the norm during certain periods of time, typically when season
changes occur. For example, during the period of the second oval, the building was ﬁrst overcooled and
then overheated as outdoor air temperature started dropping in October. Our discussions with building
automation colleagues suggest that this is likely due to a HVAC system malfunction, although there is some
chance that if building policies were reﬁned that these could be avoided. Either way, the use of the on-line
information serves as feedback for building automation/maintenance so that this sort of anomaly can be
avoided or handled more promptly.
Long-Term Ill-Conditioning. Analysis of year-long individual room data reveals that there are some
rooms for which adjusting the global control parameters may not suﬃce to satisfy the thermal comfort
objective. For instance, some rooms are always hot or cold no matter what the HVAC mode of operation is.
The percentage of time that a room’s daily temperature falls outside the acceptable range determines
its level of ill-conditioning. To account for factors such as standard deviation of daily temperatures and
accuracy errors in temperature sensor readings, we extended the comfort range by ±2 degrees. Thus, if
the daily average temperature of a room is beyond the range of [68◦F, 76◦F], the room is considered to be
ill-conditioned on that day. Note that the daily temperature variation is not considered here since that 95%
of daily standard deviation observations for all rooms over the year are within 2 degree error.
Figure 4(a) plots the cumulative distribution function for percentage of days over a year that a room
has been ill-conditioned. We observe that approximately 80% of rooms are cumulatively over- or under-
conditioned for less than 25% of the time (3 months in a year); a few rooms are ill-conditioned for most of
the year. Accordingly, Figure 4(a) classiﬁes rooms into three categories: persistently ill-conditioned, inter-
mittently ill-conditioned, and (marginally) well-conditioned rooms, whose ill-conditioning ratios are respec-
tively in a range of [60%, 100%], [25%, 60%), and [0, 25%). A majority of rooms have temperatures which
over time oscillate within the borders of the acceptable range. We consider them to be well-conditioned or
borderline rooms; the existence of borderline rooms is to be expected given the complexity of air distribu-
tion/diﬀusion in a large building; the number of these rooms can likely be controlled by proper selection of
global control parameters.
The existence of a number of intermittently ill-conditioned rooms is an emergent ﬁnding of our analysis.
That most of these rooms remain ill-conditioned for non-trivial lengths of time suggests that these rooms
may need parameter adjustment at the local controllers or even air distribution system maintenance. As for
persistently ill-conditioned rooms, manual maintenance or modiﬁcations of the air distribution system may
be required.
(a) (b)
Fig. 4. (a) Cumulative Distribution Function for percentage of days over a year that a room has been ill-conditioned. (b) Classiﬁcation
of Dreese rooms—Red: persistently hot; Blue: persistently cold; Pink: intermittently hot; Cyan: intermittently cold; Green: borderline
or well-conditioned rooms.
Figure 4(b) visualizes the result of our classiﬁcation in a 2-D map of Dreese. The rows correspond
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to ﬂoor levels and rooms are displayed in a counter-clockwise with respect to the ﬂoor layout depicted in
Figure 1(b). Due to diﬀerences in ﬂoor plan and room size, some ﬂoors have fewer rooms than others. We
distinguish persistently hot, persistently cold, intermittently hot, intermittently cold rooms with red, blue,
pink, and cyan colors respectively. Borderline and well-conditioned rooms are all colored in green since
occasional thermal variations are diﬃcult to avoid in the building. Figure 4(b) reveals that the number of
cold rooms is larger than that of hot rooms.
We investigated a few ill-conditioned rooms and interviewed their occupants. Anecdotally, the staﬀ
and students working in persistently hot rooms complained to us that their room temperatures have been
uncomfortable year round. Viz-a-viz persistently cold rooms on the 8th ﬂoor, room 886 serves as the data
center for CSE department, which is independently maintained at a rather low temperature. An interesting
observation is that a nontrivial number of ill-conditioned rooms are located at corners of the building, such
as rooms 779, 679, 883, 281, 791, 691, 591, 399, 898, and 798, which suggests that local controllers around
corners need careful adjustment to ensure their eﬀectiveness. Some of the persistently or intermittently
cold rooms are relatively large-space inner rooms, such as 480, 395, and 380 (376 is a small room next to
380). Since almost every individual room’s pneumatic controller can be adjusted locally (with a change in
supply air temperature, supply static pressure, hot water temperature, and etc.), the ill-conditioning classiﬁer
guides building operators to diagnose areas that demand local adjustment or maintenance or repair, either
remotely or physically.
5. HVAC System Eﬃciency Assessment
This section analyzes opportunities for increasing the building’s HVAC system eﬃciency in terms of
energy consumption at diﬀerent time scales as well as with occupancy awareness.
Reducing On-going Over-Conditioning. Fine-tuning the set point can be performed experimentally
since ThermoNet on-line information feeds can be readily integrated with on-line control policy enforce-
ment. As seen in Figure 3(a), the substantial over-conditioning of the building suggests that the control
policy for setting supply air discharge temperature can be made less aggressive. In fact, the existing AHU
set points are determined based on only three statically selected rooms for achieving control objective. Lim-
ited samples from the building tend to result in over/under-conditioning. Fine grain instrumentation from
ThermoNet enables utilizing the average or an appropriate fraction of room thermostats to guide set points.
For instance, ThermoNet can provide a periodic feedback such as (time, avgT, stdT,maxT,minT, ratio, ...)
to the controller, which includes time, the average temperature, standard deviation, the highest, and lowest
temperature of the building, percentage of comfortable area, and etc. An eQuest analysis of the building
shows that 17% energy can be saved by adopting appropriate supply air temperature reset.
(a) (b)
Fig. 5. (a) Indoor hourly temperatures of a day for four seasons. (b) Estimated percentages of occupied rooms for each hour of a day
during one quarter and the break preceding it.
Longer Temperature Setbacks. Figure 5(a) shows the diurnal thermal dynamics in Dreese. We compute
for each room its hourly temperature averaged over a season and show the hourly indoor temperature as the
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mean of all rooms’ hourly values for each season. Consistent with previous observations, the temperatures
in Figure 5(a) are actually warmer during the winter and colder during the summer due to over-conditioning.
Furthermore, the hourly temperature exhibits two waves during a day with peaks occurring around 5am and
5pm, respectively. These waves delineate thermal dynamics in the building associated with HVAC cycles.
Note that temperature variation between 12am and 7am is more substantial than that between 8am and 10pm
as a result of the AHU shutdown during night-time. Nevertheless, the overall average temperature variation
is within only 2 degrees. During the day, the variation is within 1 degree except for summertime when the
inﬂuence of outside temperature on indoor conditions becomes slightly signiﬁcant. Note that temperature
changes slowly at night when the AHUs are shutdown, and by 1-1.5 degrees within an hour of the AHUs
resuming.
Figure 5(a) suggests that the AHUs can sleep more without violating the building’s control objective.
Towards estimating the increase of sleep period, we characterize approximately the occupancy of each
room per hour by mining through illumination measurements acquired by ThermoNet. Basically, a room
is assumed to be occupied if the light measurement is higher than a pre-determined threshold. ThermoNet
sensors have been installed carefully to be away from any windows so as to minimize the impact of outdoor
illumination. Figure 5(b) presents the percentage of occupied rooms during one quarter and during the
break preceding it, which veriﬁes that the building is largely unoccupied from 10pm to 7am. Correlating
this information with air diﬀusion rates, we recommend setback periods to be 10pm to 7am over the quarter
and 8pm to 8am over the break. This schedule would respectively save 3 and 6 hours out of the 18 working
hours every day during the quarter and break, which would correspond to 16.7% and 33.3% energy savings.
6. Conclusions
Our long-term data-driven analysis based on ThermoNet reveals a signiﬁcant scope for improving the
thermal comfort of a legacy building. Not only is there a need to reﬁne its control policy, ﬁne-grain local
adjustments and maintenance operations are needed associated with a signiﬁcant number of rooms. The
study also reveals a signiﬁcant scope for improving energy eﬃciency. These suggest that there may be sig-
niﬁcant value associated with proceeding to couple the on-line information received from a long-lived WSN
with the control system operation and facilities maintenance operation. We are currently in the process of
working on our ﬁndings and recommendations with building operators to design more eﬀective and eﬃcient
HVAC strategies for the building being investigated. Moreover, we are planning to extend ThermoNet with
a RESTful web service called sMAP [4], which allows every ThermoNet sensor to directly publish its data
for a broad range of potential applications.
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